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改变磁性杂质的种类、浓度来控制 DMS 的电学、光学和磁学性质。 
为了寻找具有较高居里温度（Tc）的 DMS，我们利用第一性原理系
统地计算了 3d 过渡金属（V、Cr、Mn、Fe、Co 和 Ni）掺杂的 III-V(GaAs、
GaP)、II-IV-V2(ZnGeAs2、ZnGeP2)以及 I-III-VI2(CuGaSe2、CuGaS2)黄铜矿
半导体的电磁性质。通过计算发现： DMS 的磁学性质（包括磁性稳定性
和离子磁矩大小）与 3d 的 t2g轨道填充状态密切相关，而 3d-TM 的 eg轨
道电子几乎不参与磁性的交换作用。 
从磁性稳定性方面来看，有一个简单的规律和我们的计算符合地非常
好：在自旋朝上 TM-3d 电子的 t2g轨道被部分填充的情况下，DMS 表现为
铁磁（FM）状态；而当自旋朝上 TM-3d 电子的 t2g轨道全空或者全满时，
DMS 则表现为反铁磁（AFM）状态。从 DMS 磁矩的大小方面来看，当自
旋朝上 3d 电子的 t2g轨道全空时，磁性离子的磁矩大于理论的期望值；当
自旋朝上 3d 电子 t2g轨道的三个轨道全部填满时，磁性离子的磁矩小于理
论的期望值；而当自旋朝上 3d 电子 t2g态的 3 个轨道被部分填充时，磁性
离子的磁矩与理论期望值的差距与基质晶体对称性以及磁性离子的能带
有关。 













摘       要 
2 
Mn 时，DMS 将表现为铁磁状态，而 Fe 和 Co 掺杂时，AFM 将是较为稳
定的状态，当 Ni 为磁性杂质时，DMS 的磁性状态非常不稳定。根据平均
场近似理论的海森堡模型，可以预测：Cr 掺杂的 GaAs 和 GaP 将可能出现
较高的居里温度（Tc）。DMS 的磁性稳定性与半导体中的空穴浓度有着密
切的关系，而在 Mn 掺杂的 III-V DMS 中，由于 TM 掺杂引起晶格驰豫，
使晶格常数增大，增加了 Mn 占据间隙位置的机会，使得 DMS 中空穴的
浓度降低，从而限制了 DMS 的居里温度的提高。我们提出一个补偿晶格
膨胀的方法：即在 Mn 掺杂的 III-V 的 DMS 中，掺入 Si 和 Mg 作为共同掺
杂的杂质。计算结果表明，Si 和 Mg 作为 Mn 共同掺杂的杂质对 III-V 进
行掺杂时，补偿了晶格的膨胀，提高了 DMS 的 TC。 
在 TM 掺杂的 II-IV-V2(ZnGeAs2、ZnGeP2)中，当磁性杂质为 V 和 Cr
时，DMS 将表现为 FM 状态；而其他的 TM 掺杂时，DMS 将表现为 AFM
状态。根据平均场的海森堡模型，可以预测 Cr 掺杂的 II-IV-V2 (ZnGeAs2、
ZnGeP2)黄铜矿半导体非常有希望出现较高 Tc 的 DMS。计算中还发现在
Mn 掺杂的 II-IV-V2(ZnGeAs2、ZnGeP2)中，同时在 DMS 中增加 DMS 中空
穴载流子浓度可以增加 DMS 处于 FM 状态的稳定性，从而增加 DMS 居里
温度。从磁矩方面，磁性离子所诱发的总磁矩和 TM 离子的磁矩都小于理





在 TM 掺杂的 I-III-VI2(CuGaSe2、CuGaS2)黄铜矿半导体中，通过对
TM 离子取代 I 族或 III 族离子时的结合能计算发现：TM 比较容易取代其















的结果表明：当磁性杂质为 Cr、Mn 时，DMS 将表现为铁磁(FM)状态；
而 V、Fe、Co、Ni 掺杂时，DMS 将表现为反铁磁(AFM)状态。Cr 掺杂的
I-III-VI2 将是非常有希望成为较高 Tc（高于室温）的 DMS，而 Mn 掺杂的
I-III-VI2 也有可能成为高 Tc 的 DMS。在磁矩方面，V3＋、Cr3＋和 Mn3＋掺杂
时，磁性离子的磁矩大于理论期望值（2 Bμ 、3 Bμ 、4 Bμ  ），并在阴离子
附近诱发出与磁性离子磁矩方向相反的磁矩；而当 Fe3＋、Co3＋和 Ni3＋掺杂






















Conventional semiconductor devices generally take advantage of the 
charge of electrons, whereas magnetic materials are used for recording 
information involving electron spin. For long time, people take effort to make 
use of both charge and spin degree of electron in a single substance. Diluted 
magnetic semiconductor (DMS) is the result of this effort. DMS, in which 
magnetic element is introduced into non-magnetic semiconductor and 
substitutes a portion semiconductor ion, can be manipulated its electronic, 
optical and magnetic properties by changing the type and concentration of the 
magnetic impurity. 
In order to find high-Tc DMS, we systemically applied first principle 
calculations for electronic and magnetic properties of III-V (GaAs, GaP), 
II-IV-V2 (ZnGeAs2, ZnGeP2) and I-III-VI2 (CuGaSe2,CuGaS2) chalcopyrite 
semiconductor doped by 3d transition metal (TM=V, Cr, Mn, Fe, Co or Ni). It 
is find, by the calculation, that a simple rule suggested by Sato is consistent 
well with our calculation. The simple rule is: the magnetic properties of DMS 
depend heavily on the gt2  states of 3d-TM electron and the ge states make 
little effect in the exchange between magnetic ions. From the magnetic stability, 
when gt2  states of 3d-TM are partial occupied, DMS will show in 
ferromagnetic state (FM); while gt2  states are fully occupied or full empty, 
DMS will exhibit anti-ferromagnetic (AFM) state. From the magnitude of the 















larger than theory expectation; when spin up gt2  states are fully occupied, the 
moment is smaller than theory expectation; while spin up gt2  states are 
partially occupied, the difference between the moment and theory expectation 
is dependent on the symmetry of base semiconductor and the distortions of the 
lattice. 
In TM-doped III-V- DMS, when doped by V, Cr or Mn, the DMS will show 
FM state; when doped by Fe or Co, AFM will be more stable state; whereas 
doped Ni, DMS shows little magnetism. According to Heisenberg model within 
the mean-field approximation, it is suggested GaAs and GaP doped by Cr are 
most promising candidate for high-Tc DMS. The magnetic stability of DMS 
leans heavily on the hole’s concentration. In Mn doped III-V base DMS, due to 
the doping, the lattice constant of the DMS will become expand, improving the 
opportunity of Mn to occupy the interstitial sites, reducing the hole’s 
concentration, and restricting Tc increasing. We propose a new method to 
compensate the lattice expansion: in Mn doped III-V DMS, introducing Si or 
Mg as a co-doped impurity into the DMS. It is found in our calculation result 
that the Tc will increase by the Si or Mg co-doped. 
In TM-doped II-IV-V2 (ZnGeAs2, ZnGeP2) DMS, the FM state will be 
reached in V or Cr doped DMS, whereas doped by other TMs, the DMS will 
show AFM state. The II-IV-V2 doped by Cr will be most promising candidates 
for high-Tc DMS. It is suggested that hole’ doping will increase the Tc. The 
magnetic moments of TM ion are smaller than theory expectation and 
distribute localized around magnetic ions. Doping by TM with spin up gt2  















parallel to that of the magnetic ion. Doping by TM with spin up gt2  states full 
occupation or empty, the direction of anion’s moment is parallel to that of the 
magnetic ion. 
In 3d-TM-doped I-III-VI2 (CuGaS2, CuGaSe2) DMS, it is found, by the 
cohesive energy calculation, that TM atom prefers Ga site than Cu site, acts as 
acceptor and leases one hole by one TM impurity doping. The FM state will be 
reached in I-III-VI2 doped by Cr or Mn, whereas doped by V, Fe, Co or Ni, the 
DMS will show AFM state. It is proposed that high Tc is realized in Cr doped 
I-III-VI2, and Mn doped I-III-VI2 also has some possibility to become high Tc 
DMS. In V, Cr or Mn doped I-III-VI2 DMS, the TM ion magnetic moment is 
larger than theory expectation, and the direction of anion’s moment is anti 
parallel to that of the magnetic ion; whereas doped by Fe, Co or Ni, the TM ion 
magnetic moment is smaller than theory expectation, and the direction of 
anion’s moment is parallel to that of the magnetic ion. 
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